The self-resonating water jet offers the advantages of both a cavitation jet and a pulsed jet, and thus has been widely used for many practical applications. In the present study, the 120 • -impinging edge Helmholtz nozzle was investigated for better erosion performance. The oscillating mechanism was analyzed from both numerical and experimental perspectives. The results showed that the cavitation clouds in the chamber dominate the oscillating frequency. The frequency resulting from the non-linear interaction was also observed in the simulation. The dominant frequency increases linearly as pressure decreases without entrained air. The frequency modulation was achieved through various inspiratory methods, and the modulation range was dependent on the pressure drop. The erosion performance was improved with entrained air, and the improvement was effected by the inspiratory method. The oscillating frequency was determined by the forced frequency of entrained air, and the best erosion performance was achieved at the frequency closest to the fundamental frequency. A feasible method to improve the erosion performance was investigated in this preliminary study, which could provide a guide for practical applications.
Introduction
Water jet technology has been developed for a variety of commercial cleaning applications as chemical stripping procedures used today are costly, dangerous to personnel, and environmentally unsafe without substantial controls. The increasing demands of modern industry promote the rapid development of water jet technology, and advanced water jet technologies, such as cavitating water jets and pulsed water jets, have been introduced continually. In contrast to non-cavitating jets, cutting is achieved by the energy from collapsing cavitation bubbles. The pressure from these imploding bubbles is extremely high, and is focused at many small areas on the eroding surface [1] . As for the pulsed water jet, it takes advantage of the water hammer pressures produced by the slugs' impact (which are much higher than the stagnation pressures generated by a continuous jet) and cycling of loading [2] . The use of a fluidic oscillator to achieve the pulsed performance was investigated [3] . Besides, several self-resonating nozzle design concepts, which integrate cavitating jets and pulsed jets, have been developed [4] [5] [6] . The oscillations are obtained passively without any moving parts and no need for any additional external source of power, which makes these nozzles superior to conventional nozzles.
However, there are also some limitations for these self-resonating nozzles since strong oscillations are only achieved in a certain range of both geometrical and operating parameters [7] .
Considerable promise has been assigned to the Helmholtz nozzle due to its high efficiency and simplicity. Morel [8] concluded that jet instabilities coupled with the Helmholtz resonance can generate very powerful pressure oscillations with the jet frequency slightly higher than the fundamental frequency of the resonator. Liao and Tang [9] optimized the shape of the impinging edge based on equations of the disturbance wave and two-dimensional vortex, which are the two predominant sources of the generation of pulsation and cavitation. They found that a conical impinging edge with an angle of 120 • (Figure 1 ) outperformed other nozzles with different impinging edges. The three elements (jet shear-layer instability, Helmholtz resonance, and a coupling (feedback) mechanism) of the loop accounted for the oscillating mechanism [10] . Liao and Tang [11] also concluded that the vapor around the bulk flow acts as an accumulator due to its compressibility. This theory, termed the Gas-Spring Theory, inspired scholars to design nozzles in which the jet is modulated by the vapor phase rather than acoustic modulation. This LPHF nozzle (whose working condition is low pressure and high flow rate) has been proven to enhance cleaning efficiency. Although having similar configurations, the LPHF nozzle and conventional Helmholtz nozzles have different optimal ranges of structural and operating parameters due to different oscillating mechanisms. For the conventional Helmholtz nozzle, the high frequencies (order of kHz) involved, corresponding to sound wave lengths in water of less than 0.3 m, suggest that acoustic oscillator or resonator concepts should be of particular interest [7] . As for the LPHF nozzle, the oscillating period is 3-5 s [12] , which means the time of phase transition is more than the relaxation time of the jet passing through the cavity, and the vapor phase is predominant in the oscillating process.
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As the vapor phase plays an important role in the oscillating process in the LPHF nozzle, due to its compressibility, air could be also introduced for frequency modulation. Besides, the air-water jet is capable of enhancing the material removal efficiency and can be controlled for specific machining operations. Momber [25] concluded that the material removal rate became sensitive to the amount of air supplied and became a maximum value corresponding to an optimum air flow-rate. The air-water jet technology was also applied in oil drilling, proposed by Kolle [26] , to help increase the rate of penetration (ROP). Hu [27] conducted experiments on specimens impinged by the pulsed air-water jet. It turned out that the air entrained into the cavity significantly affects the material removal rate. For the LPHF nozzle, there are fierce entraining and momentum transports around the bulk flow due to sudden expansion. As a result, a negative pressure zone occurs in the oscillating chamber. The air intake can be achieved simply by drilling suction holes around the circumference of the chamber. In addition, Liao and Tang [11] conducted preliminary experiments in which the suction hole was intermittently blocked by fingers, and significant changes in the oscillating pressure were observed. They also claimed that oscillations will be enhanced if the suction hole is closed when the air cluster contracts, but kept open when the air cluster expands.
It transpired that the air-water jet from a LPHF nozzle could not only improve the material removal rates but could also be used for frequency modulation. While limited research has focused on the frequency modulation of the LPHF nozzle via intake air, especially with the forced air excitation, it is reasonable to speculate that the frequency characteristics and the erosion efficiency of the LPHF nozzle is interrupted by the air intake. In this paper, both the experimental method and the simulation are introduced in Section 2. In the discussion, the Gas-Spring Theory is verified from both the numerical simulation and experimental perspectives. The paper then looks at how the effects of air intake on the oscillating frequency was investigated, as well as the range of frequency modulation. Finally, it looks at how the erosion experiments were conducted to evaluate the efficiency of the air-water jet with forced air excitation at various frequencies.
Research Method

Experimental Method
The experiment was conducted with the use of a multifunctional water jet test bench (Figure 2 ) developed by our research team independently. The flow was supplied from a high-pressure plunger pump with a maximum flow rate of 120 L/min. A pressure transducer (Model: CY100) was installed immediately next to the nozzle inlet, and the inlet pressure of each test could be accurately controlled. The other pressure transducer was positioned on the nozzle to measure the pressure fluctuations in the oscillation chamber. All pressure transducers used in experiments had been calibrated by the manufacturers, and the main uncertainty in this experiment was the accuracy of the pressure transducer, which was less than ±0.5% FS (full scale). Each process of pressure acquisition was 60 s and the sampling frequency was set to 100 Hz. Bessel lowpass was used to eliminate the electronic signals caused by the motor with a frequency of 50 Hz. The Hilbert-Huang transform (HHT) combined with empirical mode decomposition (EMD) [28] were adopted in filtering and analyzing the pressure signals, as the oscillations were characterized by being non-linear and non-stationary. Appl The specimens were clamped into a holder, and then mounted on the moving table. The moving table had both X and Y motions with an accuracy of 0.1 mm. In each erosion test, the moving table was moved away from the jet impact region before the pressure was maintained at the setting value. The moving table was then moved to adjust the specimen to be collinear with the axis of the nozzle. During each test, the specimen was exposed to the jet for 90 s. The standoff distance for the nozzle could be varied by sliding the input pipe vertically and clamping it into place at the desired setting. However, a fixed standoff distance of 60 mm was used for all tests.
The specimen adopted in the present study had the dimensions of 100 100 70   mm. The compressive strength was measured by a material testing machine ( Figure 3 ). The mean value of the compressive strength was 2.561 MPa within the tolerance scope from −4.76% to 7.53%. The specimens were clamped into a holder, and then mounted on the moving table. The moving table had both X and Y motions with an accuracy of 0.1 mm. In each erosion test, the moving table was moved away from the jet impact region before the pressure was maintained at the setting value. The moving table was then moved to adjust the specimen to be collinear with the axis of the nozzle. During each test, the specimen was exposed to the jet for 90 s. The standoff distance for the nozzle could be varied by sliding the input pipe vertically and clamping it into place at the desired setting. However, a fixed standoff distance of 60 mm was used for all tests.
The specimen adopted in the present study had the dimensions of 100 × 100 × 70mm. The compressive strength was measured by a material testing machine ( Figure 3 ). The mean value of the compressive strength was 2.561 MPa within the tolerance scope from −4.76% to 7.53%. The specimens were clamped into a holder, and then mounted on the moving table. The moving table had both X and Y motions with an accuracy of 0.1 mm. In each erosion test, the moving table was moved away from the jet impact region before the pressure was maintained at the setting value. The moving table was then moved to adjust the specimen to be collinear with the axis of the nozzle. During each test, the specimen was exposed to the jet for 90 s. The standoff distance for the nozzle could be varied by sliding the input pipe vertically and clamping it into place at the desired setting. However, a fixed standoff distance of 60 mm was used for all tests.
The specimen adopted in the present study had the dimensions of 100 100 70   mm. The compressive strength was measured by a material testing machine ( Figure 3 ). The mean value of the compressive strength was 2.561 MPa within the tolerance scope from −4.76% to 7.53%. The volume removed was measured by filling the generated cavities with fine-grained salt with a density of ρ s = 1.452 g/cm 3 . These salts were then removed and weighed with the use of an electronic balance ( Figure 4 ) with resolution to 0.1 mg. The volume removed V e was then calculated through Equation 1 .
where m s is the salt mass used to fill the erosion cavity. The erosion area, which gad an irregular shape with a slightly serrated border ( Figure 5 ), could be achieved by the method of line tracing in Photo Shop. To be more specific, the erosion area A e was encircled by creating a spline in Photo Shop and the pixels of erosion N pe were obtained. The real areas were calculated as follows:
where N p is the number of pixels per square centimeter in reality.
To reduce the impact of casual factors, all results were averaged for further analysis. The Helmholtz nozzle used in the experiment is shown in Figure 6 , and was designed according to the optimal structure with the JMP method by Wang [29] . The upstream nozzle had an inlet diameter of d in = 13 mm, a convergent angle of α = 14 • , and an outlet diameter of d 1 = 5.9 mm. The chamber diameter was constant with D C = 72 mm and the chamber length, L C = 36.6 mm. A downstream nozzle was used with d 2 = 10.7 mm. There were four suction holes of d s = 2 mm with a uniform distribution around the circumference of the chamber according to the simulation results by Zhou [30] . A fitting was used for connecting the jet bench and the nozzle. Air pipes, originating from the suction holes, were connected with the gas flow meter and the solenoid valve (controlled by the relay), and finally connected to the atmosphere. The amount of air, measured by the gas flow meter, was controlled by the number and position of the suction holes. The passage for air suction was impeded periodically with use of the solenoid valve and relay.
The testing itself was conducted according to a schedule given in Table 1 . The set of data obtained for a given choice of both number and the distribution of open suction holes was called a "series". Every series then consisted of 3-4 "runs", each covering various pressure drops and forced exciting frequencies. The description of the opening holes is presented in Figure 7 (from a top view).
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The Helmholtz nozzle used in the experiment is shown in Figure 6 , and was designed according to the optimal structure with the JMP method by Wang [29] a uniform distribution around the circumference of the chamber according to the simulation results by Zhou [30] . A fitting was used for connecting the jet bench and the nozzle. Air pipes, originating from the suction holes, were connected with the gas flow meter and the solenoid valve (controlled by the relay), and finally connected to the atmosphere. The amount of air, measured by the gas flow meter, was controlled by the number and position of the suction holes. The passage for air suction was impeded periodically with use of the solenoid valve and relay. The testing itself was conducted according to a schedule given in Table 1 . The set of data obtained for a given choice of both number and the distribution of open suction holes was called a "series". Every series then consisted of 3-4 "runs", each covering various pressure drops and forced exciting frequencies. The description of the opening holes is presented in Figure 7 (from a top view). The testing itself was conducted according to a schedule given in Table 1 . The set of data obtained for a given choice of both number and the distribution of open suction holes was called a "series". Every series then consisted of 3-4 "runs", each covering various pressure drops and forced exciting frequencies. The description of the opening holes is presented in Figure 7 (from a top view). The testing itself was conducted according to a schedule given in Table 1 . The set of data obtained for a given choice of both number and the distribution of open suction holes was called a "series". Every series then consisted of 3-4 "runs", each covering various pressure drops and forced exciting frequencies. The description of the opening holes is presented in Figure 7 (from a top view). 
Numerical Simulation Setup
The numerical simulation was also performed to verify the Gas-Spring Theory. The axisymmetric two-dimensional computation domain and boundary conditions are shown in Figure 8 . The inflow velocity was adjusted appropriately until the time averaged inlet pressure agreed with the experimental inlet condition (P in = 1.5 MPa). The constant outlet pressure was set to 1 atm, as the absolute pressure was adopted in the current simulation. It is assumed that inlet and outlet areas were in a pure liquid region and the volume fraction of water in these boundaries were set as 1 in the present study. 
The numerical simulation was also performed to verify the Gas-Spring Theory. The axisymmetric two-dimensional computation domain and boundary conditions are shown in Figure  8 . The inflow velocity was adjusted appropriately until the time averaged inlet pressure agreed with the experimental inlet condition ( in P = 1.5 MPa). The constant outlet pressure was set to 1 atm, as the absolute pressure was adopted in the current simulation. It is assumed that inlet and outlet areas were in a pure liquid region and the volume fraction of water in these boundaries were set as 1 in the present study. Other boundaries were the same as the non-slip walls. Geometrical parameters were the same with the experimental nozzle. The time step was set as 3 
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 s to capture the periodical variation of the two-phase flow instead of the real transient evolution of the cavitating flow. According to the Gas-Spring Theory, the collective bubbles act as accumulators and were investigated in the present study. Although the collective bubbles consist of small bubbles, the variation of small bubbles and their interaction were not the aim of this study. Data acquisition took place at each time step. To obtain the multiple oscillating periods, the whole simulation time was 25 s.
The standard computational grid was composed of orthogonal cells. A special form of stretching the mesh was applied in the main flow direction just after the chamber inlet, so the two-phase flow area was efficiently simulated. In the other direction, stretching was also applied close to the walls and the shear layer. Grid independence tests were performed, and the grid size was increased by 50% each time until no noticeable variance in the velocity profile was observed. In this study the investigation of the mesh's influence was performed by monitoring the axial velocity (normalized by the maximal velocity) within 10 s. The average streamwise velocity around the shear layer was also investigated, because the shear layer plays an important role in the oscillating mechanism. The monitoring lines are presented in Figure 9 .
The results of grid convergence are presented in Figure 10 . There was no obvious difference in the average axial velocity for the three mesh cases, while mesh 1 deviated from the other mesh cases in the velocity distribution around the shear layer, especially for the position near the impinging edge (lines 4-6). Due to no noticeable variance between mesh 2 and mesh 3 in the velocity profiles, mesh 2 was selected as final mesh for the present simulation. Mesh 2 contained 14,281 nodes with the minimum length of 0.066 mm streamwise and of 0.1 mm in the vertical direction. The model equations were solved by the finite-volume method. The time-dependent governing equations were Other boundaries were the same as the non-slip walls. Geometrical parameters were the same with the experimental nozzle. The time step was set as 10 −3 s to capture the periodical variation of the two-phase flow instead of the real transient evolution of the cavitating flow. According to the Gas-Spring Theory, the collective bubbles act as accumulators and were investigated in the present study. Although the collective bubbles consist of small bubbles, the variation of small bubbles and their interaction were not the aim of this study. Data acquisition took place at each time step. To obtain the multiple oscillating periods, the whole simulation time was 25 s.
The standard computational grid was composed of orthogonal cells. A special form of stretching the mesh was applied in the main flow direction just after the chamber inlet, so the two-phase flow area was efficiently simulated. In the other direction, stretching was also applied close to the walls and the shear layer. Grid independence tests were performed, and the grid size was increased by 50% each time until no noticeable variance in the velocity profile was observed. In this study the investigation of the mesh's influence was performed by monitoring the axial velocity (normalized by the maximal velocity) within 10 s. The average streamwise velocity around the shear layer was also investigated, because the shear layer plays an important role in the oscillating mechanism. The monitoring lines are presented in Figure 9 . The results of grid convergence are presented in Figure 10 . There was no obvious difference in the average axial velocity for the three mesh cases, while mesh 1 deviated from the other mesh cases in the velocity distribution around the shear layer, especially for the position near the impinging edge (lines 4-6). Due to no noticeable variance between mesh 2 and mesh 3 in the velocity profiles, mesh 2 was selected as final mesh for the present simulation. Mesh 2 contained 14,281 nodes with the minimum length of 0.066 mm streamwise and of 0.1 mm in the vertical direction. The model equations were solved by the finite-volume method. The time-dependent governing equations were discretized in both space and time domains with the SIMPLE algorithm. The first-order upwind scheme was used for spatial discretization. The unsteady first-order implicit formulation was implemented for the transient term. It was found that within 20 iterations in each time step, the RMS (root-mean-square) residuals satisfied the current convergence criteria, which was specified as at least a three orders of magnitude decline in the volume fraction of the vapor phase and a six-order decline in the mass conservation equation.
In the present paper, the cavitating flow was modeled using the single fluid approach by treating the two liquid/vapor phases as a homogenous mixture. The equations of mass and momentum of the mixture for the single fluid approach are given as:
where u i and u j are the velocities in the coordinate direction x i and x j respectively, p is the pressure, and ρ is the mixture density. µ and µ t are the dynamic viscosity and the turbulent viscosity. An additional transport-based equation is introduced for the vapor phase volume fraction α v to model the cavitation process:
where . m represents the mass transfer source term, which is determined by the cavitation model. The density and viscosity of the mixture fluid are calculated as follows:
where subscripts l and v stand for the liquid and vapor phase, respectively. In the present paper, the cavitating flow was modeled using the single fluid approach by treating the two liquid/vapor phases as a homogenous mixture. The equations of mass and momentum of the mixture for the single fluid approach are given as: The source term in Equation (5) can be further rearranged in the general form:
The source terms .
.
The bubble radius is related to the vapor volume fraction α v and the bubble number density N b , as:
To reduce the turbulence dissipative terms in the cavitation regions, a modified RNG turbulence model was implemented into the ANSYS Fluent code through the user-defined function (UDF).
In the standard RNG k-ε model, the turbulent eddy viscosity is defined as:
where C µ = 0.0845, k is the turbulent kinetic energy, and ε is the turbulent eddy dissipation. The standard RNG k-ε turbulence model tends to overestimate the turbulent eddy viscosity in the cavity region since it was first proposed for an incompressible single-phase flow. A modified model, which considers the compressibility of cavitating flow, was proposed by Reboud et al. [31] as follows:
where n is the exponential coefficient. This treatment can artificially reduce the turbulent eddy viscosity in the cavitation region based on the vapor volume fraction by adjusting the value of the exponential coefficient. In the current simulation, the value of n was fixed at 10, because this value has been validated for many cases [32] [33] [34] [35] .
Results and Discussion
Gas-Spring Theory
The time-resolved chamber pressure signals with various pressure drops are presented in Figure 11 , as well as the marginal spectrum obtained from the HHT. Negative pressure oscillations were easily captured by the pressure transducer positioned in the chamber. The absolute values of negative pressure peaks increased with the increasing pressure decline, caused by the intensified turbulent momentum transportation and entrainment between the main jet and the quiescent fluid. Meanwhile, the negative pressure peaks became more intense with higher pressure decline. According to the Gas-Spring Theory, the frequency increase may come from the accumulated time for the cavity cluster in the chamber decreasing as more energy was obtained with a higher pressure decline. To be more specific, the instantaneous energy density (IE) Equation 15 was introduced to check the energy fluctuation ( Figure 12) . Energy fluctuations were observed in each condition, and the higher the inlet pressure was, the more energy was accumulated for collective bubbles within the same time range. It turned out that the inlet pressure decline affects both the frequency and amplitude of the instantaneous energy density.
where H(ω, t) is the energy-frequency-time distribution, which is obtained from the HHT, and ω is the circular frequency.
A typical variation cycle was extracted to better illustrate the time evolution of the predicted turbulent cavitating flow. The time evolution of cavity growth and collapse is shown in Figure 14 . The cloud consists of a large number of small bubbles and is more elongated in the streamwise direction. At the start of the typical cycle ( 0 t T  ), the cavitation clouds emerge in the region near the chamber wall, and a part of the cavity is about to shed itself from the large cavity due to its instabilities at
. The overall volume of the primary cavity tends to decrease as the vapor content is intermittently convected out of the cavity by the small clouds (Figure 14c ). There are also some cavities in the shear layer around the bulk flow. Then the parallel bubbles form in the chamber, and the upper bubble cluster decreases while the other cluster gradually grows near the bulk flow. These two bubble clusters finally coalesce into the large volume cavity around the bulk flow ( Figure 14e ) and then shift further downstream and collapse due to the impinging edge. After a series of generation, deformation and motion of the cavities, the small volume cavities will finally coalesce into a larger cavity near the chamber wall, which marks the beginning of the next period. The numerical simulation was also used to verify the Gas-Spring Theory. The marginal spectrum of the volume fraction of the vapor phase is presented in Figure 13 , with a sharp peak at 0.700 Hz being observed. Multiple additional right and left peaks can also be observed, along with the dominant f a , as mentioned in several previous investigations on the cavity flow. They have been denoted f + = 0.103 Hz and f − = 0.400 Hz when symmetrically distributed around f a . In addition, a peak at low frequency, f b = 0.267 Hz, which is close to the experimental results, was observed. The existence of such a low frequency is a common feature in most of the various configurations [36] . The frequency f b could result from the non-linear interaction between f a and f + , but f + could also result from the non-linear combination of f a and f b , via an amplitude modulation at impingement [37] [38] [39] [40] . Indeed, combinations between the harmonics n f a of f a with f b occur, to produce sum frequencies n f a − f b . For instance, the f − = 0.400 Hz is close to the difference frequency f a − f b = 0.433 Hz. The global structure of the spectral distribution can be viewed as the result of non-linear interactions and modulation processes which may combine, as shown in Miksad et al. [41] and [37, 38] . 
Frequency Modulation
The pressure signals and marginal spectrum with various inspiratory methods are presented in Figures 15 and 16 , respectively. By connecting with the atmosphere through the suction hole, the negative pressures of the self-inspiratory jet decreased to some degree, while the absolute peak values of negative pressure decreased drastically with an increasing numbers of suction holes. Meanwhile, a wider frequency range occurred due to the intake air, which means the fluid-field in the chamber According to the theory of vortex-acoustics, the oscillating frequency could be calculated as follows [42] :
where A 1 and l 1 are denoted as the cross section area and the length of the upstream nozzle; V C is denoted as the volume of the oscillating chamber; p, k a and α v are denoted as the pressure, the adiabatic exponent of air and the volume fraction of vapor phase, respectively. In the current paper, the structural parameters were calculated according to the experimental conditions to obtain the oscillating frequency:
2 ) 2 + ( The vapor phase volume fraction was calculated based on the arithmetic mean value of the vapor phase volume V v , which was monitored in the simulation case. In the current simulation, the value of V v is 4.920 × 10 −5 m 3 . In order to make the calculations of the theory model possible, the parameters k a is set equal to 1.4 in the present calculation considering that the mixture flow was dominated by the ambient temperature and pressure conditions [27] .
Compared with the calculated oscillating frequency, the low-frequency component of the volume fraction of the vapor phase was much closer to the experimental results. As mentioned by Johnson [7] , cavitation apparently does interfere with the modulation mechanism to some degree. It turned out that the cavitation clouds dominated oscillation in the LPHF nozzle. Meanwhile, as the fundamental frequency obtained from experiments (0.263 Hz) was close to the low-frequency component (0.267 Hz) rather than the fundamental frequency (0.700 Hz) in the simulation, the non-linear interactions and modulation process should be of particular interest, which should be considered in future studies.
A typical variation cycle was extracted to better illustrate the time evolution of the predicted turbulent cavitating flow. The time evolution of cavity growth and collapse is shown in Figure 14 . The cloud consists of a large number of small bubbles and is more elongated in the streamwise direction. At the start of the typical cycle (t = T 0 ), the cavitation clouds emerge in the region near the chamber wall, and a part of the cavity is about to shed itself from the large cavity due to its instabilities at t = T 0 + 0.21T. The overall volume of the primary cavity tends to decrease as the vapor content is intermittently convected out of the cavity by the small clouds (Figure 14c ). There are also some cavities in the shear layer around the bulk flow. Then the parallel bubbles form in the chamber, and the upper bubble cluster decreases while the other cluster gradually grows near the bulk flow. These two bubble clusters finally coalesce into the large volume cavity around the bulk flow ( Figure 14e ) and then shift further downstream and collapse due to the impinging edge. After a series of generation, deformation and motion of the cavities, the small volume cavities will finally coalesce into a larger cavity near the chamber wall, which marks the beginning of the next period. (a) Figure 14 . Time evolution of cavity volume during one typical cycle.
The pressure signals and marginal spectrum with various inspiratory methods are presented in Figures 15 and 16 , respectively. By connecting with the atmosphere through the suction hole, the negative pressures of the self-inspiratory jet decreased to some degree, while the absolute peak values of negative pressure decreased drastically with an increasing numbers of suction holes. Meanwhile, a wider frequency range occurred due to the intake air, which means the fluid-field in the chamber Figure 14 . Time evolution of cavity volume during one typical cycle.
The pressure signals and marginal spectrum with various inspiratory methods are presented in Figures 15 and 16 , respectively. By connecting with the atmosphere through the suction hole, the negative pressures of the self-inspiratory jet decreased to some degree, while the absolute peak values of negative pressure decreased drastically with an increasing numbers of suction holes. Meanwhile, a wider frequency range occurred due to the intake air, which means the fluid-field in the chamber became more complicated. Compared with the Figure 11 , it transpired that the distribution of suction holes also affected the peak value and the oscillating frequency of the chamber pressure.
Appl. Sci. 2017, 7, x FOR PEER REVIEW 14 of 21 became more complicated. Compared with the Figure 11 , it transpired that the distribution of suction holes also affected the peak value and the oscillating frequency of the chamber pressure. The dominant frequency under various pressure declines via the air intake of the marginal spectrum is presented in Figure 17 . Under the different pressure declines, the modulation range was different. While the dominant frequency increased linearly with the pressure decrease, it was observed that the frequency of each inspiratory method did not vary monotonically with the falling pressure. It transpired that the mechanism of frequency modulation was different with/without air intake. Besides, the range frequency modulation was different at various pressure declines. To be more specific, the modulation range was quite large for the case at 1.25 MPa and 1.50 MPa, while quite narrow at the pressure decrease of 1.75 MPa. The oscillating mechanism was rather complicated when air was entrained into the chamber, especially for the multi-hole condition. With a certain nozzle geometry, the oscillating frequency can be attributed to the characteristics of the mixture flow, such as density and bulk modulus of elasticity. Although the average density of the mixture flow was considered to be almost constant, the bulk modulus of elasticity of air is far less than that of water, which causes the bulk modulus of elasticity of the mixture flow to have an appreciable change. Therefore, the compressibility of the mixture flow increased. Besides, the instabilities of the bulk flow became more complicated. Compared with the Figure 11 , it transpired that the distribution of suction holes also affected the peak value and the oscillating frequency of the chamber pressure. The dominant frequency under various pressure declines via the air intake of the marginal spectrum is presented in Figure 17 . Under the different pressure declines, the modulation range was different. While the dominant frequency increased linearly with the pressure decrease, it was observed that the frequency of each inspiratory method did not vary monotonically with the falling pressure. It transpired that the mechanism of frequency modulation was different with/without air intake. Besides, the range frequency modulation was different at various pressure declines. To be more specific, the modulation range was quite large for the case at 1.25 MPa and 1.50 MPa, while quite narrow at the pressure decrease of 1.75 MPa. The oscillating mechanism was rather complicated when air was entrained into the chamber, especially for the multi-hole condition. With a certain nozzle geometry, the oscillating frequency can be attributed to the characteristics of the mixture flow, such as density and bulk modulus of elasticity. Although the average density of the mixture flow was considered to be almost constant, the bulk modulus of elasticity of air is far less than that of water, which causes the bulk modulus of elasticity of the mixture flow to have an appreciable change. Therefore, the compressibility of the mixture flow increased. Besides, the instabilities of the bulk flow The dominant frequency under various pressure declines via the air intake of the marginal spectrum is presented in Figure 17 . Under the different pressure declines, the modulation range was different. While the dominant frequency increased linearly with the pressure decrease, it was observed that the frequency of each inspiratory method did not vary monotonically with the falling pressure. It transpired that the mechanism of frequency modulation was different with/without air intake. Besides, the range frequency modulation was different at various pressure declines. To be more specific, the modulation range was quite large for the case at 1.25 MPa and 1.50 MPa, while quite narrow at the pressure decrease of 1.75 MPa. The oscillating mechanism was rather complicated when air was entrained into the chamber, especially for the multi-hole condition. With a certain nozzle geometry, the oscillating frequency can be attributed to the characteristics of the mixture flow, such as density and bulk modulus of elasticity. Although the average density of the mixture flow was considered to be almost constant, the bulk modulus of elasticity of air is far less than that of water, which causes the bulk modulus of elasticity of the mixture flow to have an appreciable change. Therefore, the compressibility of the mixture flow increased. Besides, the instabilities of the bulk flow were also intensified with the entrained air. The complicated coupling between the bulk flow and air should be considered in further studies based on a large number of experiments and using advanced technology. This preliminary study can provide a guide for practical applications. The frequency modulation was achieved and its effects on the material removal is discussed in the next section. Appl 
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Erosion Performance
The erosion patterns of concrete specimens are presented in Figure 18 . The erosion region caused without air intake was in the shape of a cone, but the erosion region under the action of the air-water jet had an irregular shape due to the air within the jet forcing redial motion.
Jet without entrained air Air-water jet (Series 1.0) Figure 18 . The erosion pattern of specimens.
Using the jet without entrained air for reference, the relative erosion performance of four inspiratory series is compared in Figure 19 . The red bars show the influence of the air entrainment on the normalized erosion volume and the blue bars show the normalized erosion area. The erosion performance was improved with the air entrainment to some degree. Assuming that a high number of open suction holes corresponds to a high air-flow rate, it transpired that both air-flow rates and air entry-path affected the erosion performance. Although the cavitation in the chamber was suppressed by the air intake, a moving air coat was created to reduce the friction between the water jet surface and the surrounding air. As the water hammer pressure is attributed to both velocity and the mixture density, there seems to have been a "trade-off" between the jet velocity increase and the mixture 
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Conclusions
The better erosion performance of the resonating cavitation jet has long been acknowledged. In the present study, the LPHF nozzle, one of the resonating nozzles, was investigated from both experimental and numerical perspectives. Various inspiratory methods were adopted to achieve frequency modulation. Further erosion experiments showed that both entrained air and forced excitation are capable of achieving better erosion performance. Based on the present investigation, the main conclusions that can be drawn are:
1. The Gas-Spring Theory was verified by both the experiment and the numerical simulation. The cavitation cluster dominated the oscillating frequency in the LPHF nozzle and the non-linear interaction between the cavitation cluster and acoustic modulation should also be considered. The global structure of the spectral distribution can be viewed as the result of non-linear interactions and modulation processes. 2. The mechanism of frequency modulation was different with/without air intake. When no air was entrained, the dominant frequency increased linearly with the increasing pressure declines due to the decreasing accumulated time for the cavity cluster. For the LPHF nozzle with suction holes, the frequency of each inspiratory method did not vary monotonically with the pressure decrease. 3. For the LPHF nozzle with suction holes, frequency modulation could be achieved in a wide range by simply changing the number and distribution of the open suction holes. The modulation range was dependent on the pressure decrease. 4. For the forced exciting condition, the oscillating frequency was totally determined by the forced frequency of entrained air. With the increasing forced frequency, the mean volume of entrained air increased due to the fierce entraining and momentum transportation. 5. The removal rate was improved with the entrained air. The erosion performance was affected by both the volume of entrained air and the distribution of the air entry-path. The best erosion performance was achieved at the frequency closest to the fundamental oscillation frequency. Thus, it is necessary to consider various combinations of the number and distributions of suction holes in order to achieve the expected goal.
The modulation of the jet has the great advantage of achieving an appreciable increase of material removal. In this study, a feasible method to improve the erosion performance of the LPHF nozzle has been proposed. Compared with a high-frequency water jet, it is much easier for the LPHF nozzle to achieve the desired frequency, as the oscillating frequency is quite low. Moreover, as the density of air is low, the wear problem can be ignored when compared with the use of a moving disk to interrupt the continuous water jet. This preliminary study could provide some suggestions for 
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The Gas-Spring Theory was verified by both the experiment and the numerical simulation. The cavitation cluster dominated the oscillating frequency in the LPHF nozzle and the non-linear interaction between the cavitation cluster and acoustic modulation should also be considered. The global structure of the spectral distribution can be viewed as the result of non-linear interactions and modulation processes.
2.
The mechanism of frequency modulation was different with/without air intake. When no air was entrained, the dominant frequency increased linearly with the increasing pressure declines due to the decreasing accumulated time for the cavity cluster. For the LPHF nozzle with suction holes, the frequency of each inspiratory method did not vary monotonically with the pressure decrease. 3.
For the LPHF nozzle with suction holes, frequency modulation could be achieved in a wide range by simply changing the number and distribution of the open suction holes. The modulation range was dependent on the pressure decrease. 4.
For the forced exciting condition, the oscillating frequency was totally determined by the forced frequency of entrained air. With the increasing forced frequency, the mean volume of entrained air increased due to the fierce entraining and momentum transportation. 5.
The removal rate was improved with the entrained air. The erosion performance was affected by both the volume of entrained air and the distribution of the air entry-path. The best erosion performance was achieved at the frequency closest to the fundamental oscillation frequency. Thus, it is necessary to consider various combinations of the number and distributions of suction holes in order to achieve the expected goal.
The modulation of the jet has the great advantage of achieving an appreciable increase of material removal. In this study, a feasible method to improve the erosion performance of the LPHF nozzle has been proposed. Compared with a high-frequency water jet, it is much easier for the LPHF nozzle to achieve the desired frequency, as the oscillating frequency is quite low. Moreover, as the density of air is low, the wear problem can be ignored when compared with the use of a moving disk to interrupt the continuous water jet. This preliminary study could provide some suggestions for practical applications, and more accurate modulation should be achieved in future studies by considering the non-linear interaction.
